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The flagellated protozoan parasite Trichomonas vaginalis
is the etiologic agent of trichomoniasis, the most common
non-viral sexually transmitted infection worldwide. As an
obligate extracellular pathogen, adherence to epithelial
cells is critical for parasite survival within the human host
and a better understanding of this process is a prerequi-
site for the development of therapies to combat infection.
In this sense, recent work has shown S-acylation as a key
modification that regulates pathogenesis in different pro-
tozoan parasites. However, there are no reports indicat-
ing whether this post-translational modification is a
mechanism operating in T. vaginalis. In order to study the
extent and function of S-acylation in T. vaginalis biology,
we undertook a proteomic study to profile the full scope
of S-acylated proteins in this parasite and reported the
identification of 363 proteins involved in a variety of bio-
logical processes such as protein transport, pathogenesis
related and signaling, among others. Importantly, treat-
ment of parasites with the palmitoylation inhibitor 2-bro-
mopalmitate causes a significant decrease in parasite:
parasite aggregation as well as adherence to host cells
suggesting that palmitoylation could be modifying pro-
teins that are key regulators of Trichomonas vaginalis
pathogenesis. Molecular & Cellular Proteomics 17:
10.1074/mcp.RA117.000018, 2229–2241, 2018.
The flagellated protozoan parasite Trichomonas vaginalis is
the etiologic agent of trichomoniasis, the most common non-
viral sexually transmitted infection worldwide with an esti-
mated 276 million new cases annually (1, 2). Although asymp-
tomatic infection is common, multiple symptoms and
pathologies can arise in both men and women, including
vaginitis, urethritis, prostatitis, low birth weight infants and
preterm delivery during pregnancy and infertility (3, 4). T.
vaginalis has also emerged as an important cofactor in am-
plifying the spread of human immunodeficiency virus (HIV) as
individuals infected with this parasite have a significantly in-
creased incidence of virus transmission (5, 6). Additionally,
chronic infection may increase the risk of cervical and aggres-
sive prostate cancer (7–10). Despite these serious conse-
quences, the underlying biochemical processes that lead to T.
vaginalis pathogenesis are poorly understood. In this sense,
recent works have unraveled the role of protein S-palmitoy-
lation as a significant post-translational modification (PTM)1
that regulates invasion and motility in different protozoan
parasites such as Plasmodium falciparum, Trypanosoma
cruzi, Giardia lamblia, and Toxoplasma gondii (11, 12) as well
as adherence to host cell in the fungus C. neoformans (13).
S-palmitoylation refers to the covalent attachment of a 16-
carbon chain palmitic acid to cysteine residues of a protein
through a thioester bond. The reaction is conducted by spe-
cific enzymes termed Palmitoyl Acyl-Transferases (PATs) (14).
PATs were originally identified in yeast (15, 16). Further se-
quence analysis of PATs of different species revealed that
they share a common structure, mainly composed of four
predicted TMD, a tetrapeptide of Asp-His-His-Cys (DHHC)
inside a Cys rich domain (DHHC-CRD), a short DPG motif
upstream the DHHC and another short TTxE motif down-
stream the DHHC. Mutation of the conserved Cys of the
DHHC motif have result in loss of activity for several PATs,
and thus, led to the hypothesis that this motif is the active site
(17). Both cytosolic and transmembrane proteins can be pal-
mitoylated and this PTM increases the local hydrophobicity of
target proteins, having sizable effects on its function and/or
localization (18, 19). Specifically, palmitoylation can promote
protein association with cellular membranes, affect protein
stability, modulate protein-protein interactions as well as alter
the conformation of a transmembrane protein affecting its
segregation to specific membrane domains (18, 19). Interest-
ingly, it has also been shown to be involved in the regulation
of enzymatic activity, gene expression and epigenetic regula-
tory networks (20–22). Further, because this is the only lipidic
reversible PTM identified to date, it can dynamically regulate
the function of target proteins (23).
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Up to date, there are no reports on the existence and role of
protein palmitoylation in T. vaginalis. However, in silico anal-
ysis of the genome database (TrichDB) predicts the presence
of TvPATs enzymes suggesting that the mechanism is func-
tional in this parasite (11). To analyze the role of protein
palmitoylation in T. vaginalis, we undertook a proteomic study
to profile the full complement of palmitoylated proteins in the
parasite and reported here the identification of 363 proteins
involved in a variety of biological processes including protein
transport, pathogenesis related and signaling; among others.
Additionally, treatment of parasites with the palmitoylation
inhibitor 2-bromopalmitate caused a significant decrease in
the adherence to host cells. To the best of our knowledge, this
is the first study to systematically identify and characterize
palmitoylated proteins of Trichomonas parasites and demon-
strate a key role regulating the function of proteins that mod-
ulate adherence, aggregation and the concomitant pathogen-
esis of T. vaginalis.
EXPERIMENTAL PROCEDURES
Parasites, Cell Cultures, and Media—Trichomonas vaginalis strain
B7RC2 wild type was cultured in TYM medium supplemented with
10% (v/v) horse serum, 10 U/ml penicillin and 10 g/ml streptomycin
(Invitrogen) (24). 100 g/ml G418 (Invitrogen) was added to culture of
the TSP8-HA (TVAG_008950) and TSP9 (TVAG_287570) transfected
parasites (25). Parasites were grown at 37 °C and passaged daily.
Human HeLa cells (ATCC® CCL2™) were grown in DMEM comple-
mented with 10% (v/v) bovine fetal serum, 10 U/ml penicillin and 10
g/ml streptomycin (Invitrogen) and cultured at 37 °C/5% CO2.
Isolation of T. vaginalis Palmitoylated Proteins—Acyl Biotin Ex-
change (ABE) of whole parasite lysates was carried out as described
by Wan et al. (26). Ten mg of whole parasites lysates were used in
each assay. Briefly, 5  108 parasites were centrifuged and washed
twice in PBS. The pellet was resuspended in lysis buffer (150 mM
NaCl, 50 mM Tris, 5 mM EDTA, pH 7.4) and adjusted to 10 mg of whole
parasite lysate in 4 ml of lysis buffer containing 10 mM NEM (N-
ethylmaleimide) (Pierce) and sonicated 10 seg on/off for 10 periods.
Then the concentration of NEM was adjusted to 1 mM for overnight
treatment. Then, 25% volume of the final elution was fractionated by
SDS-PAGE and nonspecific labeling was checked by silver stain
assay. The 75% remaining elution sample was chloroform-methanol
precipitated and analyzed by LC-MS/MS technology.
Proteomic Mass Spectrometry Analysis—Precipitated pellet was
resuspended in a minimal volume of digestion buffer (100 mM Tris-
HCl, pH 8, 8 M urea). Resuspended proteins were reduced and
alkylated by the sequential addition of 5 mM tris(2-carboxyethyl)phos-
phine and 10 mM iodoacetamide as described previously (27). The
samples were then digested by Lys-C (Princeton Separations) and
trypsin proteases (Promega) (27). First, Lys-C protease (1:50 (w/w)
ratio of enzyme:substrate) was added to each sample and incubated
for 4 h at 37 °C with gentle shaking. The digests were then diluted to
2 M urea by the addition of digestion buffer lacking urea, and trypsin
was added to a final enzyme/substrate ratio of 1:20 (w/w) and incu-
bated for 8 h at 37 °C with gentle shaking. Digests were stopped by
the addition of formic acid to a final concentration of 5%. Superna-
tants were carefully removed from the resin and analyzed further by
proteomics mass spectrometry.
Digested samples were then analyzed using a shotgun proteomics
platform comprised of an on-line reversed phase separation coupled
to tandem mass spectrometric analysis of the peptide mixture as
described previously (28–30). Briefly, digested samples were loaded
onto a fused silica capillary column with a 5-m electrospray tip and
packed in house with 18 cm of Luna C18 3 M particles (Phenome-
nex). The column was then placed in line with a Q-Exactive mass
spectrometer (Thermo Fisher), and peptides were fractionated using a
gradient of increasing acetonitrile. Peptides were eluted directly into
the mass spectrometer where MS/MS spectra were collected. The
data-dependent spectral acquisition strategy consisted of a repeating
cycle of one full MS spectrum (Resolution  70,000) followed by
MS/MS of the twelve most intense precursor ions from the full MS
scan (Resolution  17,500) (31). Raw Data analysis was performed
using the IP2 suite of software tools (Integrated Proteomics Applica-
tions, San Diego, CA). RAW files were converted to peak lists using
RawConverter 1.1.0.19 (http://fields.scripps.edu/downloads.php).
Spectra were analyzed using the ProLuCID algorithm v1.4.2 (32) and
searching against a fasta protein database consisting of all predicted
open reading frames downloaded from TrichDB on January 4, 2015
(33) concatenated to a decoy database in which the amino acid
sequence of each entry was reversed (194,950 entries including de-
coys). The following search parameters were used: (1) precursor ion
tolerance was 20 ppm, (2) fragment ion tolerance was 20 ppm, (3)
cysteine carbamidomethylation was considered as a static modifica-
tion, (4) peptides must be fully tryptic, and (5) no consideration was
made for missed cleavages. False positive rates for peptide identifi-
cations were estimated using a decoy database approach and then
filtered using the DTASelect algorithm v2.1.3 (34–36). XCorr and Cn
cutoffs were identified dynamically using a linear discriminant analysis
(34). Proteins identified by at least two fully tryptic unique peptides,
each with a false positive rate of less than 5%, were present in the
sample. Five different set of samples were independently analyzed.
Normalized spectral abundance factor (NSAF) values including
shared peptides was calculated for each protein as described and
multiplied by 105 to improve readability (27). Proteins that could not
be distinguished by uniquely mapping peptides in any given replicate
were considered as a group. The letters in the table refer to the
different protein groups, corresponding to the minimum number of
proteins present. See supplemental Tables S1 and S2 for protein
quantification and peptide identification data, respectively.
Experimental Design and Statistical Rationale—Five biological rep-
licates were independently analyzed by mass spectrometry. Each one
consisted of a sample treated with NH2OH and a sample without
NH2OH as a control. As NH2OH cleave thioester bonds from palmit-
oylated proteins, the consequent co-incubation with N-[6-(Biotinami-
do)hexyl]-3-(2-pyridyldithio) propionamide (biotin-HPDP; Pierce) al-
lows the enrichment of palmitoylated proteins. As control, samples
non-treated with NH2OH allow the detection of nonspecific labeling
1 The abbreviations used are: PTM, post-translational modification;
PATs, palmitoyl acyl-transferases; NEM, N-ethylmaleimide; NH2OH,
hydroxylamine; biotin-HPDP, N-[6-(Biotinamido)hexyl]-3-(2-pyridyl-
dithio) propionamide; ABE, acyl biotin exchange reaction; BLAST,
basic local alignment search tool; GO term, gene ontology term;
BspA, basic surface-exposed protein; GP63, glycoprotein 63; 2-BP,
2-bromopalmitate; TEMs, tetraspanin enriched microdomains; DTT,
dithiothreitol; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; SNARE, SNAP soluble NSF attachment protein re-
ceptor; TvTSP8, Trichomonas vaginalis tetraspanin 8; TYM, trypti-
case, yeast extract, maltose medium; DMEM, Dulbecco’s modified
eagle medium; EDTA, ethylenediaminetetraacetic acid; PBS, phos-
phate-buffered saline; TrichDB, Trichomonas genomic resource;
NSAF, normalized spectral abundance factor; DMSO, dimethyl sulf-
oxide; PI, propidium iodide; CMAC, CellTracke blue (7-amino-4-clo-
rometilcoumarina); SEM, scanning electron microscope.
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(Fig. 1A; supplemental Table S2). Mass spectrometry data obtained
were analyzed using Microsoft Excel (2010) and Infostat version 2016
(37). Importantly, IDs that were present only in the negative control
samples were considered as nonspecific labeling and were eliminated
from the analysis. Then, proteins found in at least two of the five
biological replicates were included in the further analysis. Statistical
analysis of the dataset was carried out as described (38), with spec-
ified modifications. Briefly, the natural log of each NSAF value was
calculated followed by t test comparison of the ln(NSAF) of the
biological replicates treated with NH2OH compared with the ln(NSAF)
from the biological replicates of untreated samples (control). To avoid
dividing by zero errors in the natural log transformation calculations,
0.5 spectral count was added to spectral counts dataset, and NSAF
values were re-calculated. This operation provided the best fit into a
Gaussian distribution of the dataset according to Q-Q plot analysis,
as the r2 value from the Q-Q plot of the average from ln(NSAF) of the
replicates treated and untreated with NH2OH was 0.999 and 0.994
respectively. Proteins were considered as palmitoylated if they met
the following criteria: an estimated t test p value less than 0.05
corrected with a FDR q-value threshold of 0.2. A total of 363
proteins out of 1852 total proteins detected followed the criteria,
indicating statistically significant enrichment of the protein in the
NH2OH treated condition compared with the untreated control
(supplemental Table S1).
Bioinformatics Analysis—Palmitoylated proteins were identified us-
ing online BLAST tool (Basic Local Alignment Search Tool), following
by GO term annotation from TrichDB database (33). Prediction of
palmitoylated proteins with high threshold was performed using GPS-
Lipid 1.0 tool (39). Transmembrane domains were predicted using
TMHMM 2.0 tool (40) Phobius (41) and TOPCONS (42). Signal pep-
tides were predicted using both SignalIP 4.1 (43) and Phobius (41)
tools. Homologs between T. vaginalis and Plasmodium falciparum,
Toxoplasma gondii and Trypanosoma brucei palmitoylated proteins
were identified using BLAST 2.2.28 and Venn diagrams were done
using RStudio Version 0.99.902 (www.R-project.org). The putative
TvPATs sequence alignment was performed using MAFFT V7.123b
(44) with L-INS-i algorithm and 1000 iteration. Finally, it was edited
using Geneious® 9.0.5 (http://www.geneious.com) (45). 49 se-
quences were retrieved from TrichDB. Incomplete sequences were
eliminated from the analysis.
2-Bromopalmitate (2-BP) Treatment—Viability assays were per-
formed using 1  106 B7RC2 parasites grown in 10 ml of TYM media
for 16 h and co-incubated with 0, 25, 50, 75, and 100 M of 2-Bro-
mopalmitate (2-Bromohexadecanoic acid, Sigma). Attachment as-
says were performed using 1  106 B7RC2 parasites grown in 10 ml
of TYM media and co-incubated for 16 h with 0, 25, 50, 75, and 100
M of 2-Bromopalmitate. Aggregation assay were performed with
TvTSP8-HA expressing parasites grown to a concentration of 1  106
parasites per ml. 0, 50, and 100 M of 2-BP was added and the
reduction of clumps was analyzed after 4 h. As control for all 2-BP
treatments, a 0 M (no-treatment) containing 2% (v/v) DMSO was
included.
Analysis of Protein Stability—Parasites pre-incubated with 100 M
2-BP palmitoylation inhibitor or DMSO during 16 h were incubated
with 20 g/ml cycloheximide (Sigma) at 37 °C. Samples (106 para-
sites) were taken at times: 0, 3, 6, 9, 12, and 24 h. Parasites were
centrifuged and the presence of TvTSP8-HA and MIF proteins were
analyzed by SDS-PAGE and Western blotting using anti-HA and
anti-MIF antibody. Three independent experiments were performed.
Parasite Viability Assays—Parasites pre-incubated with 0 (DMSO),
25, 50, 75 and 100 M 2-BP inhibitor were taken at 2, 5, 8, and 24 h
postincubation and labeled with the fluorescent exclusion dye pro-
pidium iodide (PI, 20 g/ml) at 4 °C for 10 min. PI fluorescence
associated with non-viable cells was measured by flow cytometry
(at   544/602 nm) on FACSCalibur (Becton Dickinson), and
flow cytometry data were analyzed using Flowing software version
2.4.1 (Perttu Terho, Turku Centre for Biotechnology, Finland; www.
flowingsoftware.com). Four independent experiments were performed.
Parasite Aggregation—Parasite aggregation was analyzed under
anaerobic conditions when parasites reach a concentration of 1 106
parasites/ml using a Nikon E600 epifluorescence microscope with a
magnification of 10. This concentration of parasites was shown in
previous assays to be optimal to measure parasite aggregation. A
clump was defined as the size corresponding to an aggrupation of at
least 5 parasites. Quantification of clumps in thirty 10 magnification
fields was performed with Fiji software (46). All experiments were
performed with 3 technical replicates per treatment per experiment.
Immunolocalization Experiments—Parasites expressing the hem-
agglutinin-tag (HA) version of TvTSP8 were incubated at 37 °C on
glass coverslips as previously described (47) for 4 h. The parasites
were then fixed and permeabilized in cold methanol for 10 min. Cells
were then washed and blocked with 5% fetal bovine serum (FBS) in
phosphate buffered saline (PBS) for 30 min, incubated with a 1:500
dilution of anti-HA primary anti-body (Covance, Emeryville, CA) di-
luted in PBS plus 2% FBS, washed with PBS and then incubated with
a 1:5000 dilution of Alexa Fluor-conjugated secondary antibody (Mo-
lecular Probes). The coverslips were mounted onto microscope slips
using ProLong Gold antifade reagent with 4,6-diamidino-2- phe-
nylindole (Invitrogen). All observations were performed on a Nikon
E600 epifluorescence microscope. Adobe Photoshop (Adobe Sys-
tems) and Fiji software (46) were used for image processing.
Subcellular Fractionation Using Optiprep Density Gradient—Para-
sites transfected with TvTSP8-HA (108 cells) were lysate and subcellular
fractionation was performed using Optiprep gradient as described (48).
The abundance of TvTSP8 in different fractions was analyzed by West-
ern blotting using an anti-HA antibody (Covance, Emeryville, CA),
whereas the presence of soluble TCTP was evaluated using specific
anti-TCTP antibody. Two independent experiments were performed.
Attachment Assay—A modified version of an in vitro assay to
qualify the binding of T. vaginalis to host cell monolayers (49) was
performed. Briefly, HeLa cells were seeded on 12-mm coverslips in
24-well plates at 3  105 cells/well in DMEM culture medium (Invit-
rogen) and grown to confluence at 37 °C in 5% CO2 for 2 days. Cell
monolayers were washed before the addition of parasites. T. vaginalis
was labeled with 10 mM CellTracker Blue CMAC (7-amino-4-chlorom-
ethylcoumarin) (Invitrogen), and 105 labeled parasites in 0.5 ml of
DMEM medium were added (1:3 parasite/host cell ratio) for 30 min.
Plates were incubated at 37 °C in 5% CO2 for 30 min. Coverslips were
subsequently rinsed in PBS to remove unattached parasites, fixed
with 4% paraformaldehyde, and mounted on slides with Mowiol
(Calbiochem). Thirty 10X magnification fields were analyzed per cov-
erslip. All experiments were performed 3 times with 3 coverslips per
treatment per experiment.
Graphics and Statistical Analyses—Specific statistical consider-
ations and the tests used are described separately for each subsec-
tion. All analyses used GraphPad Prism for Windows version 7.00.
Data are given as mean  S.E. of the mean (S.E.). Significance was
established at p  0.05.
RESULTS
Isolation of T. vaginalis Palmitoylated Proteins—To profile T.
vaginalis palmitoylated proteins, we adapted a method based
on an acyl biotin exchange reaction (ABE) on whole-cell ly-
sates (Fig. 1A) (26). Briefly, an incubation step of the whole cell
lysate with N-ethylmaleimide (NEM) allows the blockage of all
free sulfhydryl groups generating a non-sensitive hydroxyla-
mine (NH2OH) bond that prevents nonspecific labeling. Then,
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neutral NH2OH was used to specifically cleave thioester
bonds from palmitoylated proteins. Consequently, palmitoy-
lated proteins are labeled by coincubation with N-[6-(Biotin-
amido)hexyl]-3-(2-pyridyldithio) propionamide (biotin-HPDP;
Pierce) (Fig. 1A). As a control for nonspecific labeling, half of
the sample was labeled with biotin-HPDP lacking previous
treatment with NH2OH. The resulting samples were then pu-
rified using NeutrAvidin-agarose beads (Pierce). After washes
to remove contaminating proteins, biotin-labeled proteins re-
tained on the column were eluted by cleavage with DTT,
separated by SDS-PAGE and silver stained (Fig. 1B). A range
of proteins, varying in molecular mass from 	170 to 10 kDa
were observed, demonstrating the ability of this approach to
label and obtain a broad range of proteins (Fig. 1B). Impor-
tantly, the control samples where the treatment with NH2OH
was omitted contain few proteins that bound non-specifically
to the streptavidin column (Fig. 1B). These data suggest that
the T. vaginalis biotin-labeled fractions are highly enriched
with palmitoylated proteins.
Novel DHHC Domain Containing Proteins Identified In
the T. vaginalis Palmitoyl-Proteome May Be Acting As
Active Enzymes
The identity of proteins in the palmitoylated-enriched frac-
tions was determined using protein mass spectrometry. To
assess the binding specificity of the neutravidin column, con-
trol samples were processed and analyzed identically to the
NH2OH treated and biotinylated samples. Proteins with two or
more peptides found in at least two of the five biological
replicates were included and analyzed using t test. A total of
363 proteins were significantly enriched in the NH2OH treated
compared with control samples and were included in the
palmitoyl-proteome list (supplemental Table S1). As some
proteins use the thioester linkage for chemical reactions other
than protein palmitoylation, it is expected to find false posi-
tives in ABE assays and indeed, their detection provides some
measure of the efficacy of the method. In this regard, we
detected two putative ubiquitin-conjugating enzymes (TVAG_
038060 and TVAG_191220) which are generally found in
palmitoyl-proteomes because they form a thioester linkage
during the ubiquitination process (50). Additionally, it is also
expected to detect PATs enzymes as these molecules form a
transient DHHC-palmitate intermediate during catalysis (17).
In this regard, here we identified 8 putative TvPAT-like mole-
cules, indicating that these members of the family could be
acting as active enzymes (supplemental Table S1). To gain a
better insight about the complete set of T. vaginalis putative
PATs we searched for all the DHHC-palmitoyltransferase do-
main (PF01529) containing proteins in the parasite database
(TrichDB). As shown in Fig. 2, the analysis retrieved 45 DHHC-
domain containing proteins that display the central DHHC-
CRD conserved domain as well as the DPG and TTxE motifs
FIG. 1. Isolation of palmitoylated proteins. A, Scheme of acyl biotin exchange assay (ABE). B, SDS-PAGE analysis followed by silver
staining of proteins isolated with Neutravidin-Agarose by ABE assay. Hydroxylamine treated sample (NH2OH
) and nonspecific labeling
control without hydroxylamine (NH2OH-) are shown.
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usually found in other organisms. Interestingly, the identified
proteins can be distinguished in two major groups (Fig. 2).
Group 1 encompasses proteins containing the tetrapeptide
motif composed of DHHC as well as other conserved amino
acids that form part of the DHHC-CRD (C-x2-C-x9-HC-x2-C-
x4-DHHC-x5-C-x4-N-x3-F). Instead, group 2 encloses pro-
teins containing a variant of the classic DHHC where the
second histidine of the tetrapeptide is generally replaced by a
hydrophobic amino acid (Y, I, L, V, F, or M) and share other
conserved amino acids that are absent in the classical PATs.
Surprisingly, 7 of the putative PATs proteins obtained in our
proteome belong to this novel second group (Fig. 2). The
variant DHYC was described before to be functional in the
palmitoyl transferases Akr1p from yeast (16) and in gla_8711
from Giardia lamblia (51). The remaining identified PAT, be-
longs to group 1and contain the classic DHHC tetrapeptide as
well as the conserved Cys of the CRD. Almost all the de-
scribed PATs from yeast and mammals contained four pre-
dicted TMD with N-terminal and C-terminal facing the cytosol,
and a cytosolic DHHC motif arranged between the TMD 2 and
TMD 3 (Topology A in Fig. 2). However, a variety of topologies
were displayed in predicted T. vaginalis DHHC proteins (Fig.
2): 33 of them possess the classical topology described be-
fore (Topology A in Fig. 2), one of them contain 5 TMD
(Topology B in Fig. 2), 3 of them contain 3 TMD (Topology c in
Fig. 2), 7 proteins possess only 2 TMD (Topology D in Fig. 2)
and one protein contain 4 TMD but with the DHHC motif
facing the membrane lumen (Topology E in Fig. 2). All the T.
FIG. 2. Sequence alignment and schematic drawing of T. vaginalis DHHC-containing proteins. Multiple sequence alignment of DHHC
proteins shows conserved motifs. The amino acid sequences of the complete set of T. vaginalis DHHC, Giardia lamblia Gla_1908
(XP_001707652) and Gla_8711 (XP_001708375_Gla), yeast ERF2 (KZV09491_ERF2_SacC) and Akr1 (KZV12503_AKR1_SacC), P. falciparum
PF11_0167 (001347838_PlaF) and human ZDHHC4 (CAG38542_ZDHHC4_Hum) were aligned using MAFFT (44). The conserved DHHC-CRD
domain and the DPG and TTxE motifs are depicted in blue. DHHC proteins can be distinguished in two major groups (1 and 2). The group 1
encompasses proteins containing the tetrapeptide motif composed of DHHC as well as other conserved amino acids that form part of the
DHHC-CRD (C-x2-C-x9-HC-x2-C-x4-DHHC-x5-C-x4-N-x3-F). The group 2 encloses proteins containing a variant of the classic DHHC where
the second histidine of the tetrapeptide is generally replaced by a hydrophobic amino acid (Y, I, L, V, F, or M) and share other conserved amino
acids that are absent in the classical PATs. IDs in red, DHHC proteins identified in the palmitoyl-proteome. A schematic representation of the
five different topologies (A, B, C, D and E) found in T. vaginalis DHHC proteins is illustrated.
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vaginalis PATs identified in the palmitoyl proteome contain the
classic 4 TMD except one of them that contain 5 TMD. Further
studies are needed to evaluate the functionality of the remain-
ing proteins.
T. vaginalis Palmitoylated Proteins Are Involved In A Variety
Of Biological Functions—Prediction of palmitoylation with
high confidence, using the GPS-Lipid program (www.csspalm.
biocuckoo.org), indicates that 226 (62%) from the 363 pro-
teins identified by mass spectrometry are predicted to be
palmitoylated while the remaining 137 are not (Fig. 3A and
supplemental Table S1). GPS-Lipid predicts that 25%
(15521/60000) of the coding genes in T. vaginalis produce
potentially palmitoylated proteins (data not shown). However,
given that only about half of the annotated genes are being
expressed in the parasite (52) and that palmitoylation is a
dynamic PTM, it is hard to stablish a correlation between our
proteome and the bioinformatics prediction data. To increase
the confidence of our proteomic results, we next search for
homologues in palmitoyl proteomes from other protozoan
parasites and found that 24% of the molecules identified here
are shared with the proteomes analyzed. Specifically, T. vagi-
nalis shared 30 from the 124 palmitoylated proteins found in
Trypanosoma brucei, 57 from the 565 of Toxoplasma gondii
and 58 from the 495 present in Plasmodium falciparum (12,
53–55) (Fig. 3B and supplemental Table S1). Further, 8% of
the identified T. vaginalis proteins that lacks predicted palmit-
oylated cysteine by GPS-Lipid are present in palmitoyl-pro-
teomes from the other parasites analyzed here (Fig. 3A and
3B). Importantly, some of these homologs form part of the top
20 proteins commonly found in palmitoyl-proteomes of dif-
ferent species (56) such as G-proteins, syntaxin, thioredoxin
and vesicle associated membrane proteins (VAMP) and
some others represent well-studied palmitoylated proteins
such as SNARE, PATs and calnexin among others (supple-
mental Table S1) (56–58). Taken together, 70% of mole-
cules found in Trichomonas vaginalis palmitoyl-proteome
are predicted to be palmitoylated in silico and/or enriched in
other palmitoyl-proteomes.
To understand the biological functions associated with pro-
tein palmitoylation in T. vaginalis, the identified proteins were
sorted into functional groups according to gene ontology term
enrichment (GO term enrichment) analysis (Fig. 4A). Of the
363 proteins identified, 47% are proteins with predicted do-
mains whereas the remaining 53% are hypothetical proteins
according to BLAST analysis. Among the proteins with iden-
tifiable domains that allow the assignment of a predicted
function, 17% are molecules related to signaling, 12% are
involved in metabolism and proteolysis, 8% are related to
pathogenesis of the parasite, and 7% are involved in vesicle
transport and protein transport. In less abundant proportions,
we found proteins with acyl transferase activity (5%), protein
folding and ribosomal (4%), homeostasis (3%) and other cel-
lular activities. Interestingly, we also found 4 entries corre-
sponding to proteins derived from repetitive elements and viral-
like encoded proteins (59); supporting the hypothesis that some
of the repetitive elements are coding for expressed proteins.
Taken together, these data suggest that protein palmitoylation
is involved in a wide range of functions in T. vaginalis.
Proteins that may have a role in T. vaginalis pathogenesis
are also present in the palmitoyl-proteome. Interestingly, we
identified 5 surface BspA family proteins, 6 GP63-like pro-
teins, 2 Legume-like lectin protein, 4 subtilisin-like serine pep-
tidases, 3 Tetraspanin-like proteins thought to be involved in
pathogenesis (60–64) (Fig. 4B). Many of the identified pro-
FIG. 3. Comparison of size and con-
tent of different palmitoyl-proteomes
with T. vaginalis palmitome. A, Pro-
teins identified by LC-MS/MS analysis. A
total of 363 proteins were significantly
enriched in five independent experi-
ments analyzed. Of these, 62% of pro-
teins were predicted to be palmitoylated
according to GPS-Lipid software (dark
gray). Although the remaining proteins
were not predicted to be palmitoylated
bioinformatically, 8% of these molecules
were also detected in palmitoyl-pro-
teomes from other protozoan parasites
analyzed in B (white). B, Venn Diagrams
depicting overlap between the T. vagina-
lis and the T. brucei, P. falciparum and T.
gondii palmitoyl-proteomes. The num-
bers in the diagrams indicate the quan-
tity of proteins shared or not by the dif-
ferent palmitoylomes.
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teins are members of very large gene families (65) however
only a few members are detected in our proteome (Fig. 4B),
suggesting that only some proteins of the family are palmit-
oylated and/or that different family members are differentially
expressed. For example, 911 putative BspA family proteins
predicted to possibly mediate the binding of the parasite to
the cell surface have been described, 30% of which have data
that support their expression (66) and only 5 were identified in
our palmitoyl-proteome. Additionally, we also compared the
proteins identified here with the proteomic data obtained from
the surface localized proteins and isolated exosomes and
microvesicles (EVs) of the parasite (47, 67, 68) (Fig. 4C).
Although 211 out of 411 molecules found in the surface pro-
teome are predicted to be palmitoylated with high confidence
using GPS-Lipid (data not shown), we only found 65 of them
in the palmitoyl-proteome (Fig. 4C and (supplemental Table
S1). As palmitoylation is a reversible and dynamic PTM, this is
a plausible result. Interestingly, most of the surface proteins
found in the palmitoyl-proteome have transmembrane do-
mains (supplemental Table S1). However, the palmitoylated
transmembrane proteins from the surface proteome are dif-
ferent from the palmitoylated transmembrane proteins found
in EVs (Fig. 4C and supplemental Table S1), supporting the
idea of a dynamic composition of the surface membrane of T.
vaginalis. Particularly, palmitoylated proteins present in EVs
are mostly cytosolic (supplemental Table S1); pointing palmi-
toylation as a possible signal to direct these molecules to the
EVs. Further studies are needed to explore this possibility.
Palmitoylation of TvTSP8 Might Be Contributing to Regulate
Aggregation In T. vaginalis—Among the proteins involved in
pathogenesis identified in the palmitoyl-proteome, 3 Tetras-
panin-like proteins (TvTSP8 (TVAG_008950); TVAG_099160
and TVAG_287570) were found. To validate our palmitoyl-
proteome we determined the presence of palmitoylation in
TvTSP8 using 2-bromopalmitate (2-BP), a non-metabolizable
palmitic acid analogue commonly used to inhibit S-acylation
in cells and PAT activity in vitro (69). To this end, using
TvTSP8-HA transfected parasites we evaluated whether
TvTSP8 palmitoylation is affected on 2-BP treatment by ABE
assay followed by Western blotting assay with a monoclonal
anti-HA antibody (Fig. 5A). As expected, a clear inhibition of
TvTSP8 palmitoylation is observed on treatment with 100 M
of 2-BP (Fig. 5A), demonstrating that 2-BP is functional in T.
vaginalis and validating our experimental design as a reliable
approach for palmitoylation protein identification.
Interestingly, we have recently demonstrated that the level
of expression of TvTSP8 is higher in adherent compared with
poorly adherent parasite strains and that exogenous expres-
sion of TvTSP8 promoted the ability of a non-clumping strain
to aggregate (62). These results suggested a role for surface-
FIG. 4. Putative palmitoylated proteins sorted into functional groups according to GO Term enrichment analysis. A, Palmitoylated
proteins were identified using BLAST analysis and sorted into functional groups using genome annotation. Most representative groups are
shown. B, Proteins associated with pathogenesis identified in the T. vaginalis palmitoyl-proteome. The number of genes found in the genome
is compared with the number of genes found in the palmitoyl-proteome. C, Venn diagram depicting overlap between T. vaginalis palmitoylated
proteins (palm), surface proteins (Surface) and extracellular vesicles (EVs) proteins. The numbers in the diagrams indicate the quantity of
proteins shared or not by the different data set.
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localized TvTSP8 in modulating parasite aggregation and cell/
cell communication (62); a critical step for establishing infec-
tion (60, 70). In other cells, the inhibition of palmitolylation in
tetraspanin proteins may lead to an inability to assemble
Tetraspanin Enriched Microdomains (TEMs) resulting in im-
paired functions (71). We examined if the aggregation induced
in TvTSP8 transfected parasites is affected on 2-BP treat-
ment. As shown in Fig. 5B and 5C, the treatment with 50 M
of 2-BP reduced clumps formation in 50% whereas the treat-
ment with 100 M of inhibitor completely abolished the ag-
gregation of these transfected parasites. These results
indicate that palmitoylation of TvTSP8, as well as other
palmitoylated proteins, contribute to parasite aggregation in
transfected parasites. To evaluate if palmitoylation of TSPs is
a general key regulator of cell aggregation, another member of
the TSP family (TvTSP9) found in the palmitoyl-proteome
(TVAG_287570) was cloned fused to an HA-tag and trans-
fected in parasites (72). Nevertheless, the overexpression of
TvTSP9 do not promote the formation of clumps (Fig. 5D);
suggesting that the role in cell aggregation may be specific for
TvTSP8. To evaluate if the effect on parasite aggregation on
2-BP treatment is caused by a change in membrane distribu-
tion of TvTSP8, we performed an IFA of TvTSP8-HA trans-
fected parasites using an anti-HA antibody (Fig. 5E). As can
be observed in Fig. 5E, the treatment with 2-BP showed no
changes in the surface localization of the TvTSP8-HA; an
expected result considering that TvTSP8 is a transmembrane
protein. Then, we examined if 2-BP treatment of parasites
expressing TvTSP8-HA affected protein distribution within the
membrane by subcellular fractionation using optiprep gradi-
ent (48). To this end, TvTSP8 transfected parasites were
treated with 2-BP or DMSO (vehicle) for 16 h, lysated and
fractionated using optiprep gradient. Then, different gradient
fractions were recovered and analyzed by Western blotting
FIG. 5. Palmitoylation of TvTSP8 might be contributing to regulate T. vaginalis aggregation. A, ABE assay using TvTSP8-HA
overexpressing parasites treated with 100 M 2-BP (right panel) or negative control treated with vehicle (DMSO) only. 2 mg of protein lysate
was labeled with HDPD-biotin and incubated with Neutravidin-Agarose. After washes, 25% of the elution of each sample was loaded on the
gel. NH2OH-; without hydroxylamine, NH2OH
; with hydroxylamine. A monoclonal anti-hemmaglutinin (HA) antibody was used to detect HA
tagged TvTSP8. B, TvTSP8-HA overexpressing parasites were grown until reach 106cells/ml, followed by treatment with 50 or 100 M of 2-BP
for 4 h. Illustrative pictures were taken at 4 h. C, Quantification of the number of parasite aggregates per fields. 30 fields were analyzed in three
independent experiments. Data are expressed as mean fold change related to mock-treated control parasites the standard error of the mean
(S.E.). ANOVA followed by Tukey’s post hoc test were used to determine significant differences. **p  0,005, ****p  0,0001. D, Ability to form
clumps of TvTSP9 full-length (TVAG_287570) transfected parasites. A representative picture is shown. E, Cells expressing C-terminal
HA-tagged versions of TvTSP8 protein treated with 100 M of 2-BP or DMSO (vehicle) were stained for immunofluorescence microscopy using
a mouse anti-HA antibody. The nucleus (blue) was also stained with 4,6-diamidino-2-phenylindole. F, TvTSP8-HA transfected parasites were
incubated with 100 M 2BP or DMSO for 16 h, lysed and separated by optiprep density gradient centrifugation. Fractions were collected from
the top of the gradient. Equal volume aliquots from each fraction were separated by SDS-PAGE, transferred to PVDF membrane, and
immunoblotted using anti-HA or anti-TCTP antibodies. Fractions 1–3 represent the low-density membrane fractions (L), whereas 7–9 the
high-density fractions (H).
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(Fig. 5F). TvTSP8 was recovered in all analyzed fractions and
no change in its partition was observed when parasites were
treated with 2-BP (Fig. 5F and supplemental Fig. S1). As
control, the cytosolic protein TCTP was mostly recovered in
the high-density fraction indicating a good separation with
relatively little cross-contamination among the different frac-
tions (Fig. 5F).
Protein Palmitoylation Mediates T. vaginalis Aggregation
and Adherence to the Host Cell—In order to evaluate the role
of palmitoylation in a wild type strain, parasites from B7RC2
strain were treated with 2-BP and the effect in parasite/par-
asite aggregation was evaluated. Similar to data shown in Fig.
4 using transfected parasites, we observed that the B7RC2
strain exhibited a dose-dependent decrease in clump forma-
tion in the presence of 2-BP (Fig. 6A).
It has been previously shown that the formation of clumps
in cell culture generally correlates with the ability of the strain
to adhere and be cytotoxic to host cells (73). Specifically,
highly adherent strains tends to aggregate when cultured in
the absence of host cells in contrast to poorly adherent strains
that generally do not form clumps in vitro (62, 73). Based on
this observation and our results demonstrating that treatment
with 2-BP led to a decrease in clumps formation (Fig. 6A), we
evaluated whether this effect is accompanied with a decrease
in parasite adherence to the host cells. Our results demon-
strated that treatment with 100 M of 2-BP resulted in a
66% decrease in parasite attachment to host cells when
compared with untreated parasites (Fig. 6B). Importantly, al-
though 2-BP might have pleiotropic effects, we have demon-
strated that long-term (24 h) incubation of parasites with as
high as 100 M of 2-BP did not affect parasite viability, protein
stability (supplemental Fig. S1B and S1C) and cell shape (data
not shown). These results demonstrated for first time that
protein palmitoylation may be a key factor in regulating the
adherence of T. vaginalis to host cells.
DISCUSSION
S-palmitoylation consists in the covalent attachment of a
16-carbon chain palmitic acid to a cysteine residue of a target
protein through a thioester bond, regulating thus the localiza-
tion and/or function of the modified protein because of the
consequent change in hydrophobicity (18, 19). Although sev-
eral Palmitoyl-proteome analyses have been described in the
last years, only few have been using protozoan parasites (12,
53–55). Interestingly, in all parasites where the role of palmi-
toylation has been described, it appears to be involved in vital
processes such as invasion and motility (12, 53–55). In this
context, here we performed the first large-scale description of
palmitoylated proteins of the extracellular human pathogen T.
vaginalis, identifying 363 putative palmitoylated proteins.
Among the isolated proteins, 8 TvPAT-like molecules were
identified. Interestingly, only one of them contain the classical
DHHC-CRD domain whereas the remaining seven contain
variants of the DHHC-CRD domain. Giardia lambia Gla_8711
contain a DHYC that is expressed in the parasite and partic-
ipate in the encystation process (51). Particularly, Gla-8711
share some conserved amino acids within the CRD with the
classical PATs found in human as well as in T. vaginalis (Fig.
2). Additionally, the DHYC domain has been described in Akr1
from yeast and it has been shown that it is involved in the
proper membrane localization of the target kinase Yck2p (74).
Unexpectedly, Akr1 share conserved amino acids with the
new group found in T. vaginalis. It has been postulated that
the conserved cysteines presents in the CRD participate in
the formation of a zinc binding domain necessary for the
correct function of the enzyme (75). However, because Akr1
FIG. 6. 2-Bromopalmitate treatment inhibits T. vaginalis aggregation and attachment to the host cell. A, B7RC2 parasites (106 cells/ml)
were treated with 50 or 100 M of 2-BP for 4 h. Thirty 10 fields were visualized and the number of clumps per field was quantified. Four
independent experiments were analyzed. Data are expressed as fold change related to untreated control parasites  the standard error of the
mean (S.E.). ANOVA followed by Tukey’s post hoc test were used to determine significant differences. ***p  0,001, ns; non-significant. B,
Parasites were treated 16 h with increasing doses of 2-BP, washed, fluorescently labeled and incubated with HeLa cell monolayers for 30 min
at 37 °C. Coverslips were washed to remove unbounded parasites, mounted and attached parasites were quantified by fluorescence
microscopy. Data are expressed as fold change related to untreated control parasites the standard error of the mean (S.E.). ANOVA followed
by Tukey’s post hoc test were used to determine significant differences. ***p  0.001, ****p  0.0001, ns; non-significant. A representative
experiment of three independent experiments is shown.
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do not have a CRD, hence, it is possible to speculate that
zinc-binding domain would not be required for general palmi-
toylation activity.
Using the GPS-Lipid software, only 62% of these proteins
are predicted to be palmitoylated with high confidence. How-
ever, it should be noted that, with few exceptions, there are
many proteins for which the palmitoylated Cys residues are
not associated with a defined consensus sequence. It is
therefore difficult to predict by sequence alone whether a
protein is a substrate for palmitoylation. Although the number
of T. vaginalis proteins predicted to be palmitoylated by bioin-
formatics is lower than expected, 8% of the proteins that were
not predicted to be palmitoylated by GPS-Lipid were also
present in palmitoyl-proteomes from other protozoan para-
sites such as Toxoplasma gondii, Trypanosoma brucei and
Plasmodium falciparum. Importantly, these shared proteins
represent well known palmitoylated proteins (such as G-pro-
teins, SNARE; VAMP, etc.) increasing the confidence of our
results.
Interestingly, several proteins identified here were predicted
by in silico analyses to be membrane proteins with possible
roles in T. vaginalis pathogenesis (47, 60, 61, 65). These
include proteins with similarity to BspA proteins of mucosal
bacteria known to mediate adherence to host cells which
represent the largest gene family encoding potential extracel-
lular proteins in this pathogen (66); metalloproteinases (GP63)
implicated in Leishmania virulence (61, 76); subtilisin-like ser-
ine peptidases (64), and tetraspanin-like family of proteins (62,
63). Additionally, proteins involved in a wide variety of func-
tions that have yet to be examined and that may play impor-
tant role in parasite biology were revealed by our analyses.
Further validating our approach, molecules commonly found
to be palmitoylated such as G-protein  subunits or GTPases
family proteins, and SNARE proteins were isolated in our
proteome. The work reported here sets the stage for detailed
studies to address the roles of the newly identified palmitoy-
lated proteins in T. vaginalis biology.
Significantly, our data also reveal that adherence and ag-
gregation of T. vaginalis is highly dependent on the palmitoy-
lated state of proteins as treatment with 2-BP leads to a
decrease in parasite aggregation and adherence to host cell.
These observations are consistent with the presence of pro-
teins that might be involved in attachment to host cells in our
proteome. T. vaginalis cells are known to form large cell
aggregates, which could be important for pathogenesis (77)
as highly adherent strains form clumps in cell culture in con-
trast to poorly adherent strains (62, 73). This observation has
also been correlated with the ability of the strain to adhere and
be cytotoxic to host cells (73). Results are consistent with our
previous observation indicated that transfection of parasites
with TvTSP8 promotes the ability of a parasite strain to ag-
gregate (62). Here, we identified TvTSP8 in our proteome and
further corroborate its palmitoylated status independently us-
ing ABE and immunoblotting assays. Tetraspanins organize
laterally in membranes discrete tetraspanin-enriched mi-
crodomains (TEMs) (78, 79). TEMs contain primary complexes
and tetraspanin homodimers occurring through direct protein-
protein interactions (80). These are then brought together into
extended secondary complexes, with tetraspanin palmitoyla-
tion playing a key role. In this sense, it has been shown that
replacement of yuxtamembrane cysteines of CD9 and CD151
by other amino acids in mammalian cells, which abolished the
palmitoylation, reduced their association with other tetraspa-
nin proteins affecting the complex formation and the conse-
quent function (80). Alternatively, the palmitoylation of CD81
shown to affect its association with a member of the serine/
threonine-binding signaling protein family called 14-3-3s, af-
fecting cell signaling (80). Finally, the palmitoylation of non-
tetraspanin partner proteins also could affect its incorporation
into TEM, affecting its structure (80). In concordance, we
observed that treatment with 2-BP of TvTSP8 transfected
parasites abolished parasite aggregation and these results
agree with reduced palmitoylation of TvTSP8. As no change in
the cellular localization, stability and membrane partition of
TvTSP8 was observed, it could be speculated that TvTSP8
association with partners and consequent signaling may be
affected. Further studies are needed to explore this possibil-
ity. However, it is also possible that reduced parasite aggre-
gation on 2-BP treatment is the consequence of reduced
palmitoylation of other partner proteins. To evaluate if the
observed effect in reduced parasite aggregation is exclusively
dependent of palmitoylation of TvTSP8, we engineered a
mutant version of the protein that lacks the six juxtamem-
brane predicted palmitoylated cysteine residues. Unfortu-
nately, after six attempts with varying conditions, we were not
able to obtain transfected parasites with this construct. Fur-
ther investigations of why improper palmitoylation of TvTSP8
leads to a severe growth defect is required.
In summary, our results established for the first time a direct
link between palmitoylation and the regulation of parasite
aggregation and adherence to host cells, indicating that reg-
ulation of palmitoylation can lead to defects in pathogenesis.
Thus, the present study encourages further work to pinpoint
specific palmitoylated proteins and to further investigate their
role in T. vaginalis biology.
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